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Once a poorly understood pathologic entity, gastrointestinal stromal tumor (GIST) has emerged in recent years
as a distinct oncologic-molecular paradigm that is now a leading model for kinase-targeted therapies in
oncology. Most GISTs are KIT-expressing and KIT signaling-driven mesenchymal tumors, many of which have
KIT-activating mutations. A small subset of GIST show activating mutations in PDGFRA, encoding a related
member of the type III receptor tyrosine kinase family. The revelation of KIT expression as a diagnostic
signature of GIST has not only revolutionized the pathologic criteria in classifying GIST, but also shed light on
the histogenesis of these tumors. The similarities in KIT immunoreactivity and ultrastructural appearance
between GISTs and the intestinal pacemaker, the interstitial cells of Cajal (ICC), suggested that GISTs derive
from or differentiate toward the ICC lineage. KIT plays a significant role in proliferation, survival, and
differentiation of hematopoietic stem cells, mast cells, melanocytes, and interstitial cells of Cajal; activating KIT
mutations have been identified in tumors affecting most of these cell lineages. This review will include a
summary of the biology behind the specific targeted therapies, emphasizing the central role of KIT and PDGFRA
oncogenic mutations in GISTs and their clinical and pathologic correlates. The role of KIT immunohistochem-
istry vs mutation testing will be discussed, with an insight into the indications for KIT/PDGFRA genotyping in
GIST. The morphologic and molecular changes that appear with imatinib treatment, such as response and
acquired imatinib resistance, are being discussed. The success GIST story based on targeted molecular
paradigm may be applied in other imatinib-responsive sarcoma, such as dermatofibrosarcoma protuberans.
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Review of KIT and PDGFRA biology

Constitutive activation of either the KIT or PDGFRA
receptor tyrosine kinase by oncogenic mutations
plays a central pathogenetic role in gastrointestinal
stromal tumors (GISTs).1,2 KIT was originally
identified as the cellular homolog of the retroviral
oncogene v-kit in the Hardy-Zuckerman 4-feline
sarcoma virus.3 In humans, the KIT gene maps to
4q12–13, in the vicinity of the genes encoding
PDGFRA and FLK1 receptor tyrosine kinases. KIT
belongs to class III of receptor tyrosine kinases,
together with M-CSF (macrophage colony-stimulat-
ing factor) and PDGFRA, based on their sequence
homology and similar conformational structure.

At the N terminus, the protein contains an extra-
cellular region made of five immunoglobulin-like
repeats, followed by a single transmembrane domain
including a juxtamembrane domain, and a cytoplas-
mic kinase domain split by a kinase insert into the
adenosine triphosphate-binding and phosphotrans-
ferase regions. The only known ligand for KIT, KIT
ligand (KL), was mapped on human chromosome
12q22–24. In adult life, KL is constitutively pro-
duced by some endothelial and stromal cells in the
bone marrow, spleen, lymph nodes, and thymus.

The KIT receptor plays a critical role in the normal
development and function of the interstitial cells of
Cajal,4–6 as well as in hematopoiesis, gametogenesis,
and melanogenesis during embryonic development
and in the postnatal organism. Activating KIT
mutations have been implicated in the pathogenesis
of several other human tumors, including semino-
mas,7 mastocytosis,8 acute myelogenous leukemias,9

and more recently in melanomas,10 suggesting a
broader role for KIT in oncogenesis.Received 6 December 2007; accepted 31 December 2007
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Clinical and pathologic correlates
of KIT and PDGFRA mutations

In GIST, activating KIT mutations can involve
either the extracellular or the cytoplasmic domain
of the receptor. The majority of the mutations
(70–75%) have been found in the juxtamembrane
domain, in a hotspot region at the 50 end of exon 11,
involving codons 550–560.11,12 By analogy with
other receptor tyrosine kinases, the juxtamembrane
domain may function as a negative regulator
of the KIT kinase and disruption of the conforma-
tional integrity of this domain may impair its
negative regulatory function. Thus, the oncogenic
potential of juxtamembrane domain mutations is
attributed to the loss of this inhibitory function.
The types of mutations occurring in this hotspot
are quite heterogeneous, including in-frame dele-
tions of variable sizes, point mutations, or deletions
preceded by substitutions. A second, less common
hotspot in the juxtamembrane domain is located at
the 30 end of exon 11, and these mutations are
mainly internal tandem duplications (ITDs).11,13

Activating KIT mutations in the usual exon 11
hotspot do not appear to be associated with a
specific clinicopathologic phenotype, but the pre-
sence of deletions rather than substitutions
predicts a more aggressive behavior.14 Specifically,
deletions affecting codons 557 and 558 predict a
poor prognosis.15,16 In contrast, GIST patients
harboring the above-mentioned ITDs 30 end of
exon 11 follow a more indolent clinical course and
their tumors are preferentially located in the
stomach.11,13

KIT exon 9 mutations occur in 10–15% of patients
and define a distinct subset of GISTs that are often
located in the small bowel and show more aggres-
sive behavior.11,17 In contrast to the more common
KIT mutations in exons 9 and 11, mutations have
been rarely described in the kinase domain (exons
13 and 17).18,19

Approximately one-third of GISTs lacking KIT
mutations harbor a mutation in PDGFRA, within
exon 12, 14, or 18.2,20,21 PDGFRA-mutated GISTs
show a preference for gastric location, epithelioid
morphology, variable or absent KIT expression by
immunohistochemistry (IHC), and a more indolent
clinical behavior.21,22 In about 10% of patients, no
detectable mutation is identified in either KIT or
PDGFRA. In particular, GISTs that occur in pediatric
or neurofibromatosis type I patients are nearly
always wild type (ie not mutated) for both
genes.23–25 In the adult population, the wild-type
GIST subset represents a heterogeneous group of
patients with no particular association with ana-
tomic location or clinical outcome. In contrast,
pediatric GISTs represent a distinct clinicopatholo-
gic and molecular subset, more common in females,
with multifocal gastric tumors and epithelioid
histology, indolent course, and absence of KIT or
PDGFRA mutations.24

The role of KIT immunohistochemistry
vs mutation testing and indications for
KIT/PDGFRA genotyping

Although the pathologic diagnosis of GIST can be
rendered on morphologic grounds in the majority of
cases, as supported by KIT (CD117) immunoreactiv-
ity, in approximately 4% of cases KIT is negative by
IHC.26 When compared with KIT-positive GISTs,
these KIT-negative cases are more likely to have
epithelioid morphology, contain PDGFRA muta-
tions, and arise outside the gastrointestinal (GI)
tract . The diagnosis of KIT-negative GISTs can be
further supported by additional immunostains,
which will include negativity for desmin and
S-100 protein, excluding the possibility of a smooth
muscle neoplasm (leiomyoma, leiomyosarcoma) or
neural tumor (schwannoma). As some GISTs that are
negative for KIT by IHC nonetheless contain im-
atinib-sensitive KIT or PDGFRA mutations, these
patients should not be denied imatinib therapy
based on the negative IHC result alone.

Another important point is that KIT (CD117) is not
a specific marker for GIST, as weak reactivity can be
seen with other mesenchymal neoplasms, such as
desmoid tumors, leiomyosarcomas, and so on.
Although KIT IHC remains the gold standard for
GIST diagnosis, it should not replace the morpho-
logic diagnosis and should be supplemented by
other immunostains in difficult cases. In our
sarcoma consultation practice, which includes cases
reviewed for two multi-institutional clinical trials
for adjuvant imatinib in GIST, the most commonly
encountered errors were due to false-positive inter-
pretations of KIT IHC. Approximately 5% of the GI
mesenchymal tumors reviewed were erroneously
interpreted as GISTs. The revised diagnosis in-
cluded desmoid tumors, leiomyomas, leiomyosarco-
mas, spindle cell sarcoma-NOS, and so on.

An IHC KIT-negative GIST should not be confused
with a KIT mutation-negative GIST (a.k.a. ‘wild-
type’ GIST). This distinction is important, since
wild-type GISTs are usually KIT positive by IHC,
while they are the least sensitive molecular subset to
imatinib therapy.

Mutational analysis is not required for all GIST
patients; specifically it is not an indication in
localized GISTs, which are completely resected by
surgery alone. The role of adjuvant imatinib treat-
ment is so far not well defined and ongoing clinical
trails are addressing this specific question. However,
the KIT/PDGFRA genotyping is critical in patients
with advanced, metastatic, or recurrent disease who
are undergoing therapy with selective tyrosine
kinase inhibitors. Patients with KIT exon 11 mutated
GIST have a very high chance (84%) of partial
response with imatinib, as opposed to those with
wild-type GIST, who have a partial response
rate (o5%) to this drug. Furthermore, KIT exon 9
GIST might respond better to a higher dose of
imatinib (800 vs 400 mg/day), and thus the genotype
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information might directly impact on the clinical
management.27

Genotyping is also relevant to second-line treat-
ment with sunitinib (Pfizer), as tumors with KIT
exon 9 mutation or wild-type genotype have super-
ior responses to those with KIT exon 11 mutation.

Therapy with selective kinase inhibitors:
the experience with imatinib in GIST

Imatinib mesylate (STI571, Gleevect, Novartis
Pharmaceuticals, Basel, Switzerland) is a selective
tyrosine kinase inhibitor whose targets include KIT
and PDGFRA. Imatinib treatment achieves a partial
response or stable disease in about 80% of patients
with metastatic GIST.28 Recent data suggest a
correlation between imatinib response and the type
of mutation, as tumors with an exon 9 mutation or
wild-type KIT are less likely to respond to imati-
nib.29,30 Although imatinib achieves a partial re-
sponse or stable disease in the majority of GIST
patients, complete and lasting responses are rare.
About half of the patients who initially benefit from
imatinib treatment eventually develop drug resis-
tance. The most common mechanism of acquired
resistance is through a second KIT mutation, usually
located in the kinase domain, which disrupts
imatinib binding by stabilizing the receptor in a
constitutively active form.31 Several second-genera-
tion tyrosine kinase inhibitors that show promising
activity against imatinib-resistant GISTs are in the
process of being tested in preclinical studies or
clinical trials.

Pathologic and molecular features of
imatinib response and imatinib resistance

Histologic response to imatinib can be assessed as a
percentage and graded, based on the gross and
microscopic areas of necrosis and fibrosis, using
the following grading scheme: 1, minimal (0–10%
response); 2, low (410% and r50% response); 3,
moderate (450% and r90% response); and 4, high
(490% response).32 The histologic response of
GISTs to imatinib therapy is heterogeneous, from
nodule to nodule within the same resection, as well
as within the same lesion. Some tumors may show
only gross tumor necrosis, with large, central areas
of cystification and hemorrhage, whereas the re-
maining solid areas are viable microscopically.
Dense hyalinization with complete loss of tumor
cells is rare. In most tumors showing a grade 4
response, microscopic foci of viable cells are seen
either as isolated tumor cells or as distinct micro-
nodules embedded in an extensively hyalinized
background. Immunostaining for KIT may be useful
in identifying and confirming residual viable tumor
cells in the hyalinized areas, which could be
overlooked on histologic evaluation alone. Even in
tumors with a very good histologic response, small

foci of distinctly viable tumor can show increased
mitotic activity. The assessment of tumor prolifera-
tion in the viable foci might be a good indicator of
the aggressive nature of the residual viable tumor.
Thus, performing a Ki67 immunohistochemical
staining, along with KIT, might be helpful in the
evaluation of these responsive tumors. However, the
proliferative index, assessed by Ki67 staining in the
viable tumor foci, does not correlate with the degree
of histologic response or duration of imatinib
therapy.32

Of note, a subset of responsive GISTs may show
a weaker or even negative KIT immunostaining,
compared to the pre-imatinib tumor sample.
Furthermore, a small group of imatinib-responsive
tumors can show well-differentiated smooth muscle
features, as noted by IHC and electron microscopy.32

These tumors may express desmin or other muscle
markers along with weak positivity for KIT, while
showing increased actin microfilaments ultrastruc-
turally. Microarray analysis of these responsive
tumors shows overexpression of genes involved in
muscle development and function, when compared
with that of the nontreated tumors. These findings
suggest that imatinib may induce a trans-differentia-
tion toward a smooth muscle phenotype, through
chronic inactivation of KIT signaling.32 A similar
phenomenon was previously described after neu-
tralizing interstitial cells of Cajal in mice for 8 days
after birth with an anti-KIT monoclonal antibody
(ACK2).33

Second-site KIT mutations are rare in GISTs
responsive to imatinib compared with imatinib-
resistant tumors, which harbor KIT kinase domain
mutations in half of the cases.31 This phenomenon
seems to play a minor role in the setting of clinical
response; only 1 of the 28 patients classified as
clinically responsive in our study had a second-site
KIT mutation.32

The structure of the KIT–imatinib complex re-
vealed that, similar to BCR-ABL, imatinib binds
the inactive conformation of the kinase, although
the KIT–imatinib complex deviates somewhat from
the autoinhibited inactive KIT kinase conformation.
It is therefore not surprising that A-loop mutations
are generally not inhibited by imatinib, although
there seem to be exceptions. Therefore, there are two
possible mechanisms of how resistance to imatinib
therapy may develop. First, second-site mutations
may stabilize the active conformation of the KIT
kinase, which prevents imatinib binding. Alterna-
tively, second-site mutations may specifically
interfere with imatinib binding without affecting
the overall KIT kinase conformation. Thus, most
second-site mutations are located in the A-loop,31

which destabilize the inactive conformation by
introducing a positively charged side chain into a
positively charged pocket formed on the C-terminal
lobe of the kinase. In the less common T670I,
the gatekeeper residue Thr670 is replaced by an
isoleucine residue. This mutation disrupts an
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important H-bond between imatinib and the kinase
and the isoleucine methyl group protrudes into the
imatinib binding site precluding proper imatinib
binding to the KIT kinase.

As in CML, secondary mutations are common in
imatinib resistance. The first and the second muta-
tion are located on the same allele of the KIT gene.
The second-site mutations tend to be single amino-
acid substitutions in the KIT kinase domains and
occur particularly in exon 17. However, secondary
mutations are typically not seen in the pre-imatinib
or primary resistant tumors. The mechanism for
the development of a second mutation in GIST is
unclear. The long duration of imatinib therapy
(median of 27 months) in patients with acquired
resistance who developed a second mutation makes
it less likely that a pre-existing clone is responsible
for acquired resistance. In contrast with CML, there
is no convincing evidence of polyclonal resistance
in imatinib-resistant GIST, although co-existing,
multiple second mutations in different resistant
nodules are reported.31 Thus, tumor nodules within
a patient may develop independent means of
imatinib resistance.

In half of imatinib-resistant GIST cases, there are
no identifiable secondary mutations, suggesting that
additional mechanisms of resistance might be
responsible, such as KIT genomic amplification
and activation of an alternative receptor tyrosine
kinase protein in the absence of KIT expression.34

Other imatinib-responsive sarcomas:
dermatofibrosarcoma protuberans

A less common mechanism of deregulating kinase
signaling pathways includes translocations encod-
ing a chimeric autocrine growth factor. One such
example is the COL1A-PDGFB fusion in dermato-
fibrosarcoma protuberans (DFSP)35 and, more re-
cently, the CSF1-COL6A3 fusion identified in giant
cell tumor of tendon sheath.36

The recurrent t(17;22)(q22;q13) resulting in
COL1A-PDGFB fusion has been reported as a
consistent finding in both DFSP and giant cell
fibroblastoma, supporting the concept of a common
pathogenetic entity.35 The translocation fuses the
strongly expressed collagen 1 alpha 1 (COL1A1)
gene on chromosome 17 with the second exon of the
platelet-derived growth factor-B (PDGFB) gene on
chromosome 22. This distinctive translocation me-
chanism results in transcriptional upregulation of
the PDGFB gene in the context of the COL1A1-
PDGFB fusion. The post-translational processed
form of the fusion protein gives rise to a fully
functional and mature PDGF-B protein, which
induces activation of its receptor, PDGFRB, through
autocrine or paracrine routes.37 A number of clinical
studies have shown a high response rate to imatinib
therapy in both locally advanced and metastatic
DFSP.38–40 As imatinib blocks PDGFRB signaling,

these results support the concept that DFSP cells are
dependent on aberrant activation of PDGFRB for
cellular proliferation and survival.

Summary

The principal genetic event responsible for the
pathogenesis of GIST has been identified to be a
gain-of-function mutation in the KIT proto-oncogene
or, occasionally, in the platelet-derived growth
factor alpha (PDGFRA) gene. As these two receptor
tyrosine kinases are highly sensitive targets to
specific kinase inhibition when constitutively acti-
vated, GISTs have become the prototype disease
for the molecular therapy of cancer. The role of
pathologist has been critical in correctly identifying
GISTs from other morphologically similar mesench-
ymal tumors of the GI tract. And although the
overwhelming majority of GISTs show strong over-
expression of CD117 (KIT) by IHC and can be
diagnosed with certainty, 4% of tumors are negative
and the correct diagnosis needs to be confirmed by
KIT/PDGFRA mutation analysis. These tumors
usually contain imatinib-sensitive KIT or PDGFRA
mutations and thus these patients should not be
denied imatinib therapy based on the negative IHC
result alone. The main indications for KIT/PDGFRA
mutation analysis are in the context of imatinib
therapy or imatinib resistance, as a result of a direct
relationship between the presence and location of
KIT mutation and imatinib response.
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